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Ubiquitin proteasome systemAutophagy is one of the cellular adaptive processes that provide protection against many pathological conditions
like infection, cancer, neurodegeneration, and aging. Recent evidences suggest that ubiquitination plays an impor-
tant role in degradation of proteins or defective organelle either through proteasome or autophagy. In this study,
we describe the role of TRIM13, ER resident ubiquitin E3 ligase in induction of autophagy and its role during ER
stress. The ectopic expression of TRIM13 in HEK-293 cells induces autophagy. Domain mapping showed that
coiled-coil (CC) domain is required for induction of autophagy. TRIM13 is stabilized during ER stress, interacts
with p62/SQSTM1 and co-localizeswith DFCP1. TRIM13 regulates initiation of autophagy during ER stress and de-
creases the clonogenic ability of the cells. This study for the ﬁrst timedemonstrates the role of TRIM13 in induction
of autophagy which may play an important role in regulation of ER stress and may act as tumor suppressor.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
The role of macroautophagy (hereafter autophagy) is becoming
more evident in regulating intra and extra cellular stress responses
thus important for cellular homeostasis. Different genetic or pharma-
cological interventions of autophagy impair cellular metabolism and
survival rate, thereby affecting tissue homeostasis [1,2]. Autophagy
plays a crucial role in oncogenesis and cancer progression [1–4], anti-
gen presentation, innate immune signaling and pathogen clearance
[5]. Many degenerative conditions like Huntington's, Parkinson's,
amyotrophic lateral sclerosis, Alzheimer's and diabetes are due to de-
fective clearance of mutated protein aggregates or defective organelle
through autophagy [6]. The greater understanding of the crosstalk of
autophagy with other cell death and survival pathways will help to
understand its implication in different pathological conditions.
There are two major protein degradation pathways in eukaryotic
cells i.e. ubiquitin proteasome and autophagy-lysosome system. Ubi-
quitin proteasome system (UPS) is responsible for degradation of
short-lived proteins and is involved in regulation of various cellular
signaling pathways [7,8]. Autophagy is a selective regulatory mecha-
nism for degrading large proteins having longer half life, aggregates
and defective cellular organelles [9–11].y, School of Biological Sciences
arch, Koba Institutional Area,
4240; fax: +91 79 30514110.
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l rights reserved.The role of the ubiquitination is well understood in the process of
UPS however its role in regulation of autophagy is just beginning to
emerge [12]. Ubiquitin binding proteins like p62/SQSTM1 (hereafter
p62), and NBR1 are known to regulate autophagy dynamics [12].
These adaptor proteins having ubiquitin binding domain (UBA), de-
cide the fate of protein degradation either through UPS or
autophagy-lysosome pathway [12–14]. The ubiquitination of aggre-
gated proteins and defective organelles, its binding to UBA domain
containing protein may determine their fate through autophagy;
however the molecular mechanism is still not clear.
The process of ubiquitination is achieved in three steps: activation
of Ub by E1, conjugation to E2 and ligation to substrate through E3
ubiquitin ligases [15]. Ubiquitin ligases are terminal enzyme in the
process of ubiquitination, which provides speciﬁcity to the pathway
by recognizing the substrate. The recent experimental evidences sug-
gest that E3 ligases may play an important role not only in initiation
but also in the execution of autophagy [16–18]. TRIM proteins are
RING family Ub E3 ligases, characterized by tri partite motif consisting
of N terminus RING domain, B-Box and coiled-coil (CC) domain hence
also called as RBCC proteins [19]. TRIM13 (also known as Rfp2, Leu5)
belongs to TRIM family and its cellular functions are relatively less
known. TRIM13 is localized in ER and may play a role in ER stress as-
sociated protein degradation (ERAD) via ubiquitin proteasome sys-
tem [20]. Autophagy is also known to mitigate ER stress and is
involved in degradation of proteins, while during persistent ER stress
condition, it may lead to cell death [21]. The role of TRIM13 in regula-
tion of ER stress response and autophagy is not known. We planned
to study the role of TRIM13 in autophagy induction and its implica-
tion in ER stress. This study demonstrated that the ectopic expression
of TRIM13 induces and knockdown represses autophagy during ER
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and regulates autophagy ﬂux. This protein is stabilized speciﬁcally
during ER stress, regulates autophagy dynamics and reduces clono-
genic ability of the cells.
2. Materials and methods
2.1. Cells and reagents
HEK293 and HeLa cells were grown at 37 °C, 5% CO2 in Dulbecco's
Modiﬁed Eagle's Medium (DMEM, Lonza, Switzerland) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (Lonza, Switzer-
land) and 1% penicillin, streptomycin, and neomycin (PSN) antibiotic
mixture (Gibco, Invitrogen). TRIM6 in pCDNA3, TRIM13 and TRIM21
cloned in pCMV-SPORT6 vector were provided by Dr. Walther HMothes
(Section of Microbial Pathogenesis, Yale School of Medicine, USA) [22].
Full length TRIM13, GST-TRIM13, Flag-TRIM13 and deleted constructs
of TRIM13 (GST-TRIM13-ΔRING, GST-TRIM13-C13A, GST-TRIM13-ΔCC
and GST-TRIM13-ΔTM) were provided by Dr. Olle Sangfelt (Department
of Oncology/Pathology, Cancer CentrumKarolinska, Stockholm, Sweden)
[20], TRIM13-YFP by Dr. Gerald W Zamponi (Department of Physiology
and Pharmacology, Hotchkiss Brain Institute, University of Calgary, Al-
berta, Canada) [23]. GFP-LC3was provided by Dr. T. Yoshimori (National
Institute of Genetics, Shizuoka, Japan) [24], mCherry-GFP-LC3, mCherry-
GFP-p62 andGFP-p62 byDr. Terje Johansen (Dept. of Biochemistry, Insti-
tute of Medical Biology, University of Tromsø) [25]. GFP-DFCP1 was pro-
vided by Dr. Nicholas T. Ktistakis (Signalling Programme, Babraham
Institute, Babraham, Cambridge, England, UK) [26]. YFP-ERcb5TM was
provided by Dr. J. Lippincott-Schwartz (The Eunice Kennedy Shriver Na-
tional Institutes of Child Health and Human Development, NIH, USA).
YFP has been fused to ER targeted cytochrome b5 (hereafter YFP-
ERcb5TM) [27]. shRNA for TRIM13, and control were provided by
Dr. Edurne Berra Ramírez (Gene Silencing Platform, CICbioGUNE, Derio,
Spain). The primary antibodies used were: Anti-Flag-HRP (Sigma,
USA), mouse monoclonal against GFP (Clontech Laboratories, Inc. CA,
USA), rabbit polyclonal against ATG7 (Abcam, USA), rabbit polyclonal
against Beclin1 (Abcam, USA), rabbit polyclonal against human ubiquitin
(Santa Cruz Biotechnology, Inc. CA, USA) and rabbit polyclonal against β-
Actin (Abcam, USA). Secondary antibodies HRP-conjugated anti-rabbit
and anti-mouse antibodies (Open Biosystems) were used. Tunicamycin,
wortmannin, TNF-α, MG132, etoposide, ammonium chloride and M2
FLAG-Afﬁnity Gel were purchased from Sigma-Aldrich, USA and G418
from Gibco, Invitrogen, USA.
2.2. Generation of stable cell lines
The stable cell lineHEK293-GFP-LC3was generated to study the role
of TRIM13 in autophagy dynamics. Brieﬂy, HEK293 cells were plated at
density of 1.5×105 in 24 well plate. After overnight incubation, MAP-
LC3b cloned in pEGFP-C1 was transfected using standard CaPO4 trans-
fection method [28]. After 24 h of transfection, media were changed
with DMEM supplemented with G418 (500 μg/ml). The media were
changed alternate days until stable clones were visible. The stable
cells were harvested from 24 well plate and transferred to 96 well
plate to obtain single clone using serial dilution method. The single
clones were transferred to 12 well plates. After incubation for 7 days,
the cells were transferred to 25 cm2 culture ﬂask and maintained in
DMEM supplemented with 200 μg/ml of G418.
2.3. Autophagy assay by ﬂuorescence microscopy
All ﬂuorescent microscopy was done using IX81 ﬂuorescent mi-
croscope (Olympus, Japan) and analyzed by Image Pro Plus 6.1.0 soft-
ware (Media Cybernetics, Inc. USA). To monitor GFP-LC3 puncta
formation, HEK293-GFP-LC3 cells were seeded at a density of
1.5×105 cells per well in 24 well plate and transfected withrespective constructs using FuGENE HD Transfection Reagent
(Roche, Germany) according to the manufacturer's protocol. After
24 h of transfection, the cells were monitored using ﬂuorescent micro-
scope for autophagic puncta formation. Numbers of puncta per cell
were counted in minimum 100 cells and graph plotted for the average
number of puncta per cell. To determine autophagy ﬂux, HEK293 cells
were cotransfected with TRIM13 and tandem mCherry-GFP constructs
of LC3 or p62 using FuGENE HD Transfection Reagent. After 24 h of
transfection, cells were monitored by ﬂuorescence microscope and
numbers of red puncta, which represent autophagolysosomes per cell,
were counted in minimum 100 cells and graph plotted for the average
number of red puncta per cell.
2.4. Confocal microscopy
The co-localization of TRIM13, DFCP1 and p62 was analyzed by con-
focal microscopy. HeLa cells were plated on cover slip and transfected
with TRIM13-YFP, GFP-DFCP1 and GFP-p62 as described earlier. After
24 h of transfection, cells were ﬁxed with 4% para-formaldehyde and
stained with DAPI. The cells were analyzed by Leica TCS SP5-II confocal
microscope (Leica Microsystems, Germany) by sequential imaging of
DAPI, GFP and YFP fusion proteins using 100X objective with 2.5 zoom.
2.5. Immunoprecipitation
To study the protein interactions, immunoprecipitation experi-
ments were performed. Brieﬂy, HEK293 cells were plated at a density
of 2×106 per 90-mm-diameter dish and cotransfected with TRIM13
(pCMV-tag-2B) and p62-GFP using calcium phosphate transfection
method [28]. After 36 h of transfection, cells were treated with spec-
iﬁed chemicals and incubated for 12 h. After 48 h of transfection, cells
were harvested, washed with ice cold PBS (Gibco, Invitrogen, USA)
and lysed in immunoprecipitation buffer (100 mM NaCl, 50 mM
Tris–HCl, 0.1% NP40 containing 1 mM PMSF). Cell lysate was incubat-
ed with M2 FLAG-Afﬁnity Gel (Sigma, USA) on roller shaker overnight
at 4 °C. The gel beads were washed four times with IP buffer, resus-
pended in 2× SDS-PAGE sample buffers and separated on 12% SDS-
PAGE and analyzed by western blotting using speciﬁc antibodies.
2.6. Western blotting
To study the stability, HEK293 cells were seeded at a density of
4.5×105 per well in six well plate and TRIM13 transfected using stan-
dard calcium phosphate transfection method [28]. After 48 h of trans-
fection, cells were harvested, washed with ice cold PBS and lysed in
NP40 lysis buffer (150 mM NaCl, 50 mM Tris–Cl, 1% NP40, 1 mM
PMSF). Protein concentration was determined by Bradford assay
and equal protein resolved on 10% SDS-PAGE. Protein was electro-
blotted on PVDF membrane at 100 V for 1 h at 4 °C. Following the
transfer, the membrane was blocked with 5% blocking buffer (5%
non-fat dried milk and 0.1% Tween-20 in PBS) for 1 h at room temper-
ature. The membrane was incubated overnight with speciﬁc primary
antibody. After incubation membrane was washed three times with
PBS-T (PBS containing 0.1% Tween 20) for 10 min and incubated
with a secondary antibody at room temperature for 1 h. The mem-
brane was washed three times with PBS-T and signal visualized by
using EZ-ECL chemiluminescence detection kit for HRP (Biological In-
dustries, Israel) by exposing to X-ray ﬁlm.
2.7. RT-PCR analysis
Total RNA was extracted from the cells using GenElute Mammalian
Total RNAMiniprep Kit (Sigma Aldrich, USA) according to themanufac-
turer's protocol. One step RT-PCRs were performed using one step RT-
PCR kit (Novascript III, Life Technologies, India) with speciﬁc primers
for TRIM13: forward, 5′-CCGGAATTCAACTTCAGCTACTGGAATT-3′ and
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ward, 5′-TCGTGCGTGACATTAAGGGG-3′ and reverse, 5′-GTACTTGCGCT-
CAGGAGGAG-3′. The cycling conditions were 42 °C for 45 min, 95 °C for
10 min, followed by 35 cycles at 95 °C for 30 s, at 48 °C for 30 s, and at
72 °C for 90 s and a ﬁnal extension at 72 °C for 10 min. The PCR products
were analyzed by electrophoresis on 1% agarose gel containing ethidium
bromide andphotographed by CN-08 Inﬁnity gel imaging system (Vilber
Lourmat, France).
2.8. Colony formation assay
Clonogenic activity of TRIM13 transfected cells was determined by
colony forming assay described previously [29]. Brieﬂy, cells were trans-
fected with different deletion constructs of TRIM13 in 24 well plate via
standard CaPO4 transfection method. After 24 h of transfection, cells
were counted and 3000 cells per 90 mm2 dish were seeded. Cells were
cultured for 7 days in standard conditions of 5% CO2 at 37 °C. The plates
were washed with PBS, ﬁxed with cold methanol, and stained with 0.2%
crystal violet. Image of the platewas taken by CN-08 Inﬁnity gel imaging
system (Vilber Lourmat, France) and number of colonies having more
than 50 cells per well were counted. To check the effect of autophagy
on clonogenic ability of TRIM13 transfected cells, after 24 h of transfec-
tion 2000 cells were seeded per well in 6 well plate and cultured with/
without 50 nM wortmannin. After 7 days of incubation, the plates
were ﬁxed and stained as describe above and number of colonies in
each conditions were counted. The clonogenic capability of each cell
line is presented as the percentage of plating efﬁciency formed in
TRIM13 transfected versus vector cells.
Plating efﬁciency is the ratio of the number of colonies to the number
of cells seeded and calculated as follows [29].
PE ¼ Numberofcoloniesformed=Numberofcellsseededð Þ  100%
2.9. Statistical analysis
Each experiment has been repeated minimum of three times inde-
pendently and p value less than 0.05 were considered as signiﬁcant
for ±SEM. The Student's t-test was used to determine the statistical
signiﬁcance of the experimental data.
3. Results
3.1. TRIM13 induces autophagy
TRIM13 has been implicated in ubiquitin proteasome pathway of
protein degradation during ER stress [20]. As discussed above, autop-
hagy is another degradation pathway; we planned to check if TRIM13
has any role in regulation of autophagy. To study the role of TRIM13
in autophagy, MAP-LC3b-GFP (hereafter GFP-LC3) was transfected
in HEK-293 and stable cell line generated (HEK-293-GFP-LC3). This
cell line was used for further analysis of autophagy induction. LC3 is
a known marker protein of autophagy pathway and cleaved upon
autophagy induction to form LC3-II form, which is conjugated to
phosphatidylethanolamine (PE). This is further conjugated to matur-
ing autophagosome membrane with the help of other ATG proteins
[24]. HEK293-GFP-LC3 stable cell line was transfected with TRIM13
and monitored for GFP-LC3 puncta formation. The average number
of puncta per cell was plotted in each condition. Transfection of
TRIM13 resulted in signiﬁcant increase in the number of puncta as
compared to vector (Fig. 1A, B). The number of cells showing autop-
hagy puncta also increased. To rule out the possibility of overexpres-
sion induced autophagy, other TRIM proteins were also transfected
and GFP-LC3 puncta monitored. We found that overexpression of
TRIM6 does not induce autophagy in similar conditions. TRIM21 is
known to induce autophagy and inhibits IKK mediated NF-κB activity[30]. We also observed that transfection of TRIM21 signiﬁcantly in-
creases the number of GFP-LC3 puncta as observed previously Ref
and similar to TRIM13 (Fig. S1). These experimental evidences
strongly suggest that TRIM13 induces autophagy.
To study TRIM13 mediated regulation of autophagy, different in-
hibitors of this pathway were used. HEK293-GFP-LC3 cells were
transfected with TRIM13 and cultured in the presence of wortmannin
(inhibitor of PI3 kinase complex) and NH4Cl (lysosomal inhibitor),
puncta were monitored. The formation of puncta in TRIM13 trans-
fected cells was inhibited in the presence of wortmannin as compared
to untreated cells where the number of puncta increased in NH4Cl
treated cells as compared to control (Fig. 1C).
To further conﬁrm autophagy induction via TRIM13, autophagy
ﬂux was monitored by analyzing the turnover of LC3 and p62 using
tandem mCherry-GFP constructs [25,31]. The tandem mCherry-GFP
construct is an interesting tool to monitor autophagy ﬂux because
mCherry is acid stable protein and does not lose its ﬂuorescence
when autophagosome fuses with lysosome whereas GFP loses its
ﬂuorescence within lysosome. Therefore autophagosome structures
are observed as orange color puncta whereas autophagolysosomes
as red colored puncta as described previously [25,31]. To determine
autophagy ﬂux, HEK293 cells were co-transfected with TRIM13 and
mCherry-GFP-LC3, puncta formation was monitored. In TRIM13
transfected cells, the number of red puncta increased as compared
to control (Fig. 1D, E). Similarly, this experiment was repeated with
mCherry-GFP-p62 to monitor turnover of p62 and autophagy ﬂux.
This is an adapter protein which is involved in degradation of ubiqui-
tinated protein aggregates or organelles via autophagy pathway and
its level is also regulated by degradation through autophagy [25]. Re-
cent advances in understanding the mechanisms of autophagy, p62
has turned out to be a reliable marker of autophagy induction and
ﬂux [32]. The number of red puncta increased in TRIM13 transfected
cells as compared to control suggesting increased p62 turnover and
autophagy ﬂux (Fig. 1F, S2). The number of cells showing red puncta
also increased as compared to control. These results convincingly
demonstrated that TRIM13 increased autophagy ﬂux via its induction.
3.2. CC domain of TRIM13 is involved in induction of autophagy
TRIM13 is a multi-domain protein and may have discrete role in
different cellular functions (Fig. 2A). TRIM13 has N-terminal RING do-
main, B-box domain, CC domain and C-terminal transmembrane do-
main (TM) (Fig. 2A). To characterize the domain involved in
autophagy induction, different deletion constructs of TRIM13: full
length (FL), ΔRING, mutated RING (C13A), ΔCC and ΔTM were trans-
fected in HEK293-GFP-LC3 stable cell line and autophagy was moni-
tored as described above (Fig. 2B). We observed that full length,
ΔRING, mutated RING (C13A), and ΔTM showed increase in number
of puncta as compared to vector whereas deletion of CC domain
does not show any increase in the number of puncta (Fig. 2B, C).
Autophagy ﬂux was also monitored using mCherry-GFP tandem
constructs of LC3 and p62. HEK293 cells were co-transfected with dif-
ferent deletion constructs of TRIM13 and mCherry-GFP-LC3 (Fig. 2D,
S3) or mCherry-GFP-p62 (Fig. 2E, S4) andmonitored puncta formation.
The number of red puncta inmCherry-GFP-LC3 increased in all deletion
and mutated constructs of TRIM13 transfected cells except the deletion
of CC domain (Fig. 2D, S3). Similar results were also obtained in
mCherry-GFP-p62 cells (Fig. 2E, S4). These assays convincingly demon-
strate that CC domain of TRIM13 is involved in regulation of autophagy
and ﬂux. The RING domain of TRIM13, responsible for Ub ligase activity
is redundant for autophagy induction is redundant.
3.3. TRIM13 is stabilized during ER stress and interacts with p62
Earlier studies have shown that TRIM13 is ER resident ubiquitin E3
ligase and may play an important role in its turnover and ERAD
Fig. 1. TRIM13 induces autophagy and regulates ﬂux. (A) Ectopic expression of TRIM13 induces autophagy. HEK293-GFP-LC3 stable cell line was transfected with TRIM13 and vector
as described in Materials and methods section, observed under ﬂuorescent microscope. The scale bar represents 10 μM. (B) Quantiﬁcation of TRIM13 induced autophagic puncta.
The numbers of puncta per cell were counted and graph was plotted for numbers of GFP-LC3 puncta per cell of representative Fig. 1A. Asterisk (*) indicates number of puncta sta-
tistically signiﬁcant from vector: p valueb0.05, SEM of minimum three independent experiments. (C)Wortmannin inhibits TRIM13 induced autophagy. HEK293-GFP-LC3 cells were
transfected with TRIM13 and vector. After 24 h of transfection, the cells were treated with wortmannin and NH4Cl for 8 h and monitored for GFP-LC3 puncta formation. (D) TRIM13
increases autophagy ﬂux. HEK293 cells were co-transfected with TRIM13 and vector with mCherry-GFP-LC3 to monitor autophagy ﬂux. After 24 h of transfection the cells were
monitored under ﬂuorescent microscope for red and green puncta and co-localization was performed using Image Pro Plus 6.1.0 software. The scale bar represents 20 μM. (E) Quan-
tiﬁcation of autophagy ﬂux. Numbers of autophagolysosomes (red puncta) per cell were counted in minimum 100 cells and graph was plotted for number of LC3 red puncta per cell
of representative Fig. 1D. Asterisk (*) indicates number of puncta signiﬁcantly increased as compared to vector: p valueb0.05, SEM of minimum three independent experiments. (F)
TRIM13 overexpression increases p62 turnover. Graphical representation of the numbers of p62 aggregates in autophagolysosomes per cell in TRIM13 and vector transfected cells of
representative Fig. S2. Asterisk (*) indicates number of puncta signiﬁcantly increased as compared to vector: p valueb0.05 for SEM of minimum three independent experiments.
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to characterize if TRIM13 is stabilized during different physiological
stress conditions. HEK293 cells were transfected with Flag-TRIM13and treated with different stress inducers: etoposide, TNF-α, and
tunicamycin. In normal condition low intensity band corresponding
to 47 kDa was observed (Fig. 3A) whereas higher mol wt band may
Fig. 2. Coiled coil domain of TRIM13 is essential for autophagy induction and ﬂux. (A) Schematic diagram showing TRIM13 different domains and deletion constructs used for trans-
fection. (B) CC domain is involved in autophagy induction. HEK293-GFP-LC3 stable cell line was transfected with FL, ΔRING, C13A, ΔCC, ΔTM and vector as described in Materials and
methods section. After 24 h of transfection, cells were observed under ﬂuorescent microscope using GFP ﬁlter. The scale bar represents 10 μM. (C) Quantiﬁcation of GFP-LC3 puncta:
numbers of GFP-LC3 puncta per cell were counted in minimum 100 cells and graph plotted for number of GFP-LC3 puncta per cell in full length TRIM13, ΔRING, C13A, ΔCC, ΔTM and
vector transfected cells of representative Fig. 2B. Asterisk (*) indicates number of puncta signiﬁcantly increased in comparison to vector: p valueb0.05 for SEM of minimum three
independent experiments. (D) Deletion of CC domain decreases number of autophagolysosomes. Graphical representation of the numbers of autophagolysosomes (red puncta) per
cell (minimum 100 cells were counted) of representative Fig. S3. Asterisk (*) indicates number of puncta signiﬁcantly increased in comparison to vector: p valueb0.05 for SEM of
minimum three independent experiments. (E) CC domain regulates p62 turnover. Graphical representation of the numbers of p62 aggregates in autophagolysosomes per cell (min-
imum 100 cells were counted) in TRIM13 and vector transfected cells of representative Fig. S4. Asterisk (*) indicates number of puncta signiﬁcantly increased in comparison to
vector: p valueb0.05 for SEM of minimum three independent experiments.
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conditions like DNA damage/genome instability (etoposide) and
TNF-α treatment, the level of TRIM13 did not change signiﬁcantly. In-
terestingly speciﬁcally during ER stress conditions (tunicamycin); the
levels of TRIM13 increased as compared to untreated cells. TRIM13
was also co-transfected with GFP and showed no changes in the levels
of GFP expression in these treatment conditions (Fig. 3A). This sug-
gests that during normal conditions the turnover rate of TRIM13 is
high and stabilized speciﬁcally during ER stress (Fig. 3A).
The above results in the current study demonstrated that TRIM13
induces autophagy and stabilized during ER stress. Recent evidences
suggest that p62 is a critical determinant of protein degradation path-
way by either UPS or autophagy. This is known to have UBA domain
that binds to ubiquitinated proteins and deliver them to proteasome
or autophagosome [25]. We planned to check if TRIM13 binds to
p62 or other proteins of autophagy pathway like Beclin1, ATG7 and
LC3. There was no interaction observed between TRIM13 and Beclin1,
ATG7 and LC3 in the given conditions (data not shown). HEK-293
cells were co-transfected with TRIM13 and p62, cultured in the pres-
ence of UPS and autophagy pathway inhibitors — MG132, NH4Cl re-
spectively, and immunoprecipitation performed. The analysis of IP
by western blotting using GFP antibody showed a protein of 92 kDa
corresponding to p62-GFP during normal condition. The level of
p62-GFP increased in pull down when the protein degradation path-
way of UPS was blocked by MG132 and autophagy by NH4Cl (Fig. 3B)suggesting that TRIM13 interacts with p62 and may regulate its turn-
over. Interestingly, during normal conditions band of 47 kDa corre-
sponding to TRIM13 was hardly visible in cell lysate and IP, whereas
intense band of 47 kDa and higher molecular weight proteins were
observed in the presence of either/both MG132 and NH4Cl (Fig. 3B)
suggesting its degradation both by UPS and autophagy. As p62 is
known to bind ubiquitinated proteins and decide its fate of degradation,
we also analyzed if TRIM13 was auto-ubiquitinated as it has RING do-
main. Similar experiment was performed and analysis of IP using anti-
Ub antibody showed high-molecular-weight smears representing polyu-
biquitinated formof TRIM13, only in thepresence of inhibitors of both the
pathwayof degradation (Fig. S5). This strongly suggests that TRIM13may
be poly ubiquitinated and its turnover is regulated through UPS and
autophagy.
Recent evidences strongly suggest that ER is the site of origin of
autophagosome. It is still controversial however majority of the evi-
dences strongly support in favor of ER [26,33,34]. TRIM13 is stabilized
during ER stress and inhibition by wortmannin indicates that TRIM13
may have regulatory role in initiation of autophagosome at ER. Re-
cently, a novel PI(3)P-binding protein termed double FYVE-
containing protein 1 (DFCP1), has been demonstrated to translocate
to sub-domain of ER and initiates the process of formation of “omega-
some” [26]. Similarly it has also been observed that p62 also translo-
cates to ER during formation of autophagosome in starvation
conditions [35]. In the current study, we observed that TRIM13 is
Fig. 3. TRIM13 is stabilized during ER stress, interacts with p62 and co-localizes with DFCP1. (A) TRIM13 is stabilized during ER stress. HEK293 cells were transfected with Flag-
TRIM13 and GFP vector and after 24 h of transfection, cells treated with different stresses like etoposide (25 μM), TNF-α (10 ng/ml), and tunicamycin (2 μg/ml) and probed by
anti-Flag antibody. Equal protein was conﬁrmed by anti-β-actin immunoblotting and equal transfection efﬁciency was conﬁrmed by anti-GFP immunoblotting. The band corre-
sponding to asterisk (*) may represent monoubiquitinated form of TRIM13. (B) TRIM13 interacts with p62. HEK293 cells were co-transfected with Flag-TRIM13 and GFP-p62.
After 36 h of transfection, the cells were treated with MG132 and NH4Cl and IP performed as described in the Materials and methods section and probed with anti-GFP and Flag
antibody. (C) TRIM13 partially co-localizes with DFCP1. HeLa cells were plated on cover slip in 24 well plate and transfected with given constructs and monitored for co-
localization by confocal microscopy after 24 h.
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co-localization of TRIM13 and DFCP1 and p62. HeLa cells were plated
on cover slip and co-transfected with TRIM13-YFP, GFP-DFCP1 or GFP
vector or YFP-ER-cb5TM, and co-localization analyzed. The transfec-
tion of TRIM13-YFP showed perinuclear punctuate pattern (Fig. 3C,
upper panel). YFP fused to ER targeted cytochrome b5 (hereafter
YFP-ERcb5TM) which showed typical perinuclear ER pattern (Fig. 3C
middle panel) as expected and reported earlier [27]. DFCP1 showed
perinuclear staining and co-localized with ER marker. Interestingly
co-transfection of DFCP1 with TRIM13 showed punctuate staining
and co-localized with TRIM13 (Fig. 3C lower panel). Similarly wealso studied co-localization of TRIM13 and p62. Interestingly co-
transfection of p62-GFP with TRIM13-YFP showed increased number of
the puncta and co-localization of TRIM13 and p62 (data not shown).
This further strengthens the above IP results. The interaction of TRIM13
with p62 and its co-localization with DFCP1 at ER suggests that TRIM13
has a regulatory role in the biogenesis of autophagosome through ER.
3.4. TRIM13 enhances ER stress induced autophagy
The experimental evidences described above clearly showed that
TRIM13 is involved in initiation and regulation of autophagy-
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planned to study the role of TRIM13 in regulation of autophagy dur-
ing ER stress. HEK-293-GFP-LC3 was transfected with TRIM13; trea-
ted with tunicamycin to induce ER stress and autophagic puncta
monitored (Fig. 4A). Interestingly during ER stress, number of GFP-
LC3 puncta increased two fold in TRIM13 transfected cells as com-
pared to control (Fig. 4A, B). This observation was further conﬁrmed
by monitoring the autophagic ﬂux using tandem mCherry-GFP con-
structs of LC3 and p62 as discussed earlier. The number of red puncta
which represents autophagolysosomes signiﬁcantly increased in
TRIM13 transfected cells as compared to vector (Fig. 4C, D, and S6)
during ER stress.
The earlier experiments suggested that CC domain of TRIM13
plays a role in regulation of autophagy, so we further investigated if
the same domain was involved in autophagy induction during ER
stress. To conﬁrm this, different deletion constructs of TRIM13 were
transfected in HEK293-GFP-LC3 stable cell line, treated with tunica-
mycin to induce ER stress and puncta were monitored. The number
of puncta increased in cells transfected with different TRIM13 deletedFig. 4. TRIM13 regulates autophagy during ER stress. (A) Ectopic expression of TRIM13 incr
vector as described in Materials and methods section. After 24 h of transfection, the cells wer
GFP ﬁlter. Scale bar represents 10 μM. (B) TRIM13 increases GFP-LC3 puncta during ER stress
and vector transfected cells of representative Fig. 5A. Asterisk (*) indicates number of puncta
independent experiments. (C) TRIM13 increases number of autophagolysosomes during ER
puncta) per cell in TRIM13 and vector transfected cells of representative Fig. S6. Asteris
valueb0.05 for SEM of minimum three independent experiments. (D) TRIM13 increases p
aggregates in autophagolysosomes after tunicamycin treatment in TRIM13 and vector cotra
increased as compared to vector: p valueb0.05 for SEM of minimum three independent
HEK293-GFP-LC3 stable cell line was transfected with different TRIM13 constructs and ve
and observed under ﬂuorescent microscope for GFP-LC3 puncta formation.constructs except ΔCC. The ΔCC transfected cells showed a compara-
tively low number of autophagic puncta during ER stress (Fig. 4E).
These results clearly indicate that CC domain of TRIM13 is involved
in regulation of ER stress induced autophagy.
To further conﬁrm these observations, we studied the role of en-
dogenous TRIM13 in regulation of autophagy during ER stress by
knocking down TRIM13 using shRNA. HEK-293-GFP-LC3 was trans-
fected with shRNA of control, TRIM 13 and Beclin-1 (as positive con-
trol) treated with tunicamycin to induce ER stress and monitored
GFP-LC3 puncta. As expected, Beclin1 knockdown resulted in few
autophagy puncta in tunicamycin treated cells as compared to con-
trol. In TRIM13 shRNA transfected cells, number of green puncta sig-
niﬁcantly decreased in tunicamycin treated conditions as compared
to control shRNA (Fig. 5A, B). The autophagy ﬂux was also monitored
using mCherry-GFP-LC3 and similar results were observed (Fig. 5C,
S7). The knockdown of TRIM13 by shRNA was conﬁrmed by RT-PCR
analysis (Fig. 5D). These evidences clearly suggest that endogenous
TRIM13 may be critical for autophagy induction and ﬂux during ER
stress (Fig. 5A, B, C and S7).eases autophagy during ER stress. HEK293-GFP-LC3 was transfected with TRIM13 and
e treated with tunicamycin (2 μg/ml) and observed under ﬂuorescent microscope using
. Graphical representation of the average numbers of GFP-LC3 puncta per cell in TRIM13
signiﬁcantly increased as compared to vector: p valueb0.05 for SEM of minimum three
stress. Graphical representation of the average numbers of autophagolysosomes (red
k (*) indicates number of puncta signiﬁcantly increased in comparison to vector: p
62 turnover during ER stress. Graphical representation of the average numbers of p62
nsfected with mCherry-GFP-p62. Asterisk (*) indicates number of puncta signiﬁcantly
experiments. (E) CC domain of TRIM13 is essential for ER stress induced autophagy.
ctor. After 24 h of transfection, cells were treated with tunicamycin (2 μg/ml) for 8 h
Fig. 5. Endogenous TRIM13 is essential for autophagy induction during ER stress. (A) Knockdown of TRIM13 decreases autophagy during ER stress. HEK293-GFP-LC3 cells were
transfected with shRNA of TRIM13, Beclin1 and control. After 24 h of transfection cells were treated with tunicamycin for 8 h and monitored for GFP-LC3 puncta formation
using ﬂuorescent microscope. (B) Graphical representation of GFP-LC3 puncta: number of GFP-LC3 puncta per cell were counted in minimum 100 cells and average numbers of
GFP-LC3 puncta per cell were plotted of TRIM13, Beclin1 and control shRNA transfected cells. Asterisk (*) indicates number of puncta statistically signiﬁcant from untreated control:
p valueb0.05, SEM of minimum three independent experiments and “ns” shows that puncta number is not signiﬁcantly differ from untreated control. (C) Endogenous TRIM13 is
essential for increased autophagy ﬂux during ER stress. Graphical representation of average numbers of autophagolysosomes (red puncta) per cell (in minimum 100 cells) in
TRIM13, Beclin1 and control shRNA transfected cells of representative Fig. S7. Asterisk (*) indicates number of puncta statistically signiﬁcant from untreated control: p valueb0.05,
SEM of minimum three independent experiments and “ns” shows that puncta number does not signiﬁcantly differ from untreated control in TRIM13 and Beclin1 shRNA transfected
cells. (D) shRNA downregulates the mRNA level of TRIM13: total RNA was isolated from HEK293 cells transfected with TRIM13 and control shRNA, RT-PCR was performed using
gene speciﬁc primers.
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Previous studies suggested that TRIM13 may act as tumor sup-
pressor in different malignant conditions however, evidence at cellu-
lar level is still lacking [36–38]. To conﬁrm the role as tumor
suppressor, breast cancer cell line (MCF7) was transfected with
TRIM13 and clonogenic (or colony formation) assay was performed.
The clonogenic ability (shown as plating efﬁciency) of TRIM13 trans-
fected cells signiﬁcantly reduced as compared to vector (Fig. 6A, B).
To further validate this observation, TRIM13 was knockdown in
MCF7 by transfecting TRIM13-shRNA and clonogenic ability was
monitored (Fig. 6C, D). TRIM13 knockdown increased the clonogenic
ability of cells as compared to control-shRNA transfected cells
(Fig. 6C, D). The assay was also performed in the presence of wort-
mannin to study the effect of autophagy in this process. The repres-
sion of colony forming ability was recovered when cells were
treated with autophagy inhibitor wortmannin (Fig. 6E). To further
conﬁrm the role of TRIM13 mediated autophagy induction insuppression of clonogenic ability of the cells, TRIM13-ΔCC construct
was used. The earlier experimental evidences in the current study
(Figs. 2, 4E) clearly showed that CC domain is important for regula-
tion of autophagy dynamics and deletion inhibits TRIM13 induced
autophagy in normal as well as ER stress conditions. FL and ΔCC
TRIM13 were transfected in MCF7 cells and clonogenic ability was
monitored. The transfection of FL-TRIM13 showed reduced clono-
genic ability as described above (Fig. 6A, B). In ΔCC transfected cells,
increased plating efﬁciency was observed as compared to control
(Fig. 6F, S8). To rule out the cell line speciﬁcity of clonogenic suppres-
sion activity of TRIM13, similar experiments were performed in
HEK293 cells. The transfection of TRIM13 in HEK-293 also showed re-
duced clonogenic ability. The deletion of CC domain and treatment
with wortmannin reverted clonogenic suppression activity (Fig. S9).
This clearly suggests that TRIM13 mediated autophagy induction reg-
ulates clonogenic ability of the cells. The deletion of CC domain re-
sponsible for autophagy induction reverted suppression of
clonogenic ability of TRIM13 both in MCF-7 and HEK-293. These
Fig. 6. TRIM13 represses clonogenic activity of breast cancer cells (MCF-7) via autophagy. (A) TRIM13 suppresses clonogenic ability of breast cancer cell line: MCF7 cells were trans-
fected with TRIM13 and vector, clonogenic activity was assessed as described in Materials and methods section. (B) Graphical representation of plating efﬁciency. The colonies of
TRIM13 and vector transfected cells were counted and plotted. Asterisk (*) indicates number of colonies statistically signiﬁcant from vector: p valueb0.05, SEM of minimum three
independent experiments. (C) TRIM13 knockdown increases the clonogenic ability of MCF7 cells. TRIM13-shRNA with control-shRNA was transfected in MCF7 cells and clonogenic
ability monitored as described in Materials and methods section. (D) Effect of TRIM13 knockdown on plating efﬁciency: the colonies of TRIM13-shRNA and control-shRNA trans-
fected cells were counted and plotted. Asterisk (*) indicates number of colonies statistically signiﬁcant from control-shRNA: p valueb0.05, SEM of minimum three independent
experiments. (E) TRIM13 suppresses clonogenic ability via autophagy. Statistical analysis for plating efﬁciency in TRIM13 and vector transfected cells, treated with wortmannin.
Asterisk (*) indicates p valueb0.05, SEM of minimum three independent experiments. (F) Deletion of CC domain aborts TRIM13 mediated clonogenic ability. Graphical represen-
tation of plating efﬁciency in FL-TRIM13, ΔCC-TRIM13 and vector transfected cells. Asterisk (*) indicates p valueb0.05, SEM of minimum three independent experiments.
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tion of autophagy.
4. Discussion
Many members of the RBCC family proteins have been shown to be
involved in different cellular processes like differentiation, apoptosis, tu-
morigenesis, infection and immunity [19,39,40]. It has been earlier dem-
onstrated that TRIM13 is localized in ER however its role in cellular
processes has not yet been investigated in detail [20]. In the current
study we showed that TRIM13, a member of the RBCC/TRIM family of
RING ﬁnger proteins, induces autophagy, regulates ﬂux during ER stress
and may act as tumor suppressor.Recent experimental evidences suggest that autophagy is one of
the cellular homeostatic mechanisms to evade ER stress [41,42]. The
role of TRIM13 in regulation of autophagy or its relation with ER
stress induced autophagic protein degradation is still not clear. In
the current study, different experimental tools conﬁrmed the role of
TRIM13 in induction of autophagy. The experiment using PI3 kinase
inhibitor, wortmannin [33] suggests that TRIM13 induced autophagy
is dependent on PI3 kinase complex and may regulate initiation step.
Recent experimental evidences suggest that ER surface may provide a
platform to assemble signalosomes which regulates autophagy initia-
tion step [34,43]. The measure of autophagy ﬂux using different tools
like tandem mCherry-GFP, analysis of p62 and accumulation GFP-LC3
puncta during inhibition of lysosomal protein degradation strongly
325D. Tomar et al. / Biochimica et Biophysica Acta 1823 (2012) 316–326suggest that TRIM13 increases autophagy ﬂux through regulation of
initiation step.
This protein belongs to TRIM family of ubiquitin E3 ligases and has
three domains: RING, B Box and coiled-coil (CC), also called as RBCC
protein. We hypothesized that different domains may perform dis-
crete functions during different signaling pathways. Further experi-
ments were done to study the domain involved in the regulation of
autophagy. Different deletion constructs and their co-transfection ex-
periments clearly demonstrated that CC domain of this protein regu-
lates TRIM13 induced autophagy. Interestingly RING domain which is
responsible for E3 ligase activity during the process of ubiquitination
and its turnover [20] is not responsible for autophagy induction.
TRIM/RBCC proteins are known to self-associate and interact with
different proteins and assemble large protein complexes, which may
regulate different cellular functions [39]. Here we observed that
TRIM13 interacts with p62 adaptor protein. This is a multidomain
protein, having UBA domain that binds to ubiquitinated proteins
and may determine their degradation fate through UPS or autophagy
[44]. The experimental evidences in current study suggest that in nor-
mal conditions, TRIM13 gets polyubiquitinated, and may be recog-
nized by p62 and degraded by autophagy and UPS pathways. This
observation was further strengthened as polyubiquitinated form of
TRIM13 is only accumulated when both the pathways of protein deg-
radation, UPS and autophagy were blocked. However speciﬁcally,
during ER stress conditions, TRIM13 protein is stabilized and may
play an important role in ER stress related pathological conditions.
Recently it has been observed that p62 translocates to ER at the site
of initiation of autophagosome biogenesis [35]. The presence, orienta-
tion and its interaction with p62 strongly suggest that TRIM13 might
regulate the initiation step of autophagosome biogenesis. This hy-
pothesis is further strengthened as we observed that another up-
stream regulator of autophagosome known as DFCP1 also co-
localized with TRIM13. It has been earlier observed that DFCP1
through its interaction with ATG14L translocates to ER to initiate
the formation of omegasome [45]. These evidences strongly suggest
that TRIM13 may regulate the pre-autophagosome biogenesis
through ER.
The role of TRIM13 in ER stress induced autophagy is still not
known. Different experimental tools using ectopic expression and
shRNA as described in the current study clearly demonstrated that
TRIM13 regulates ER stress induced autophagy. The repression of en-
dogenous TRIM13 clearly inhibits ER stressed induced autophagy. CC
domain of TRIM13 also regulates autophagy during ER stress and
RING domain is redundant for this process. These experimental evi-
dences also suggest distinct role of different domains of TRIM13, as
RING domain may be important for its autoubiquitination and degra-
dation during normal physiological conditions as corroborated by
earlier study [20]. During ER stress conditions, it may be stabilized
and CC domain may help to assemble signalosomes through its part-
ner like p62 and DFCP1 for autophagy induction whichmay be impor-
tant for cell survival and alleviate ER stress.
Homozygous deletions of chromosomal region 13q14.3 have been
found in a number of malignancies, including B-cell chronic lymphocytic
leukemia (CLL) and multiple myeloma (MM) and this has been mapped
to TRIM13 [36–38]. Due to homozygous deletion of TRIM13 in various
malignancies, this gene has been ascribed as a tumor suppressor candi-
date however direct evidence at cellular levelwas still lacking. In the cur-
rent study clonogenic assay showed that TRIM13 decreased colony
forming ability of the cells, this further supported the earlier observation
of its tumor suppressor activity. TRIM13mediated turnover of autophagy
and p62, observed in the current study also suggests that it may help to
counteract cellular stress conditions andmay prevent the cells acquiring
tumorigenic phenotype. This observation is further supported by earlier
study where selective elimination of p62 by autophagy has been shown
to be involved in suppression of tumorigenic activity during initial stages
of tumorigenesis [44,46].Endoplasmic reticulum stress and autophagy conditions have also
been implicated in other pathological conditions like neurodegenera-
tion, metabolic and inﬂammatory diseases. These ﬁndings need to be
further validated in different animal models to understand the role of
TRIM13 in various patho-physiological conditions.
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